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Abstract
Single -phase Er/Yb co -subst i tuted 0 .94(Na 0.4K 0.1B i 0.5− x– yEr xYb yTiO 3)–0.06(Ba 0.85Ca 0.15Zr 0.1Ti 0.9O 3) 
(x = 0.01, y = 0.02 and x = 0.02, y = 0.01) (NKBT–BCZT) lead-free ceramics were synthesized by conventional solid-state 
reaction. The structural properties of the ceramics were confirmed with the help of X-ray diffraction studies. The crystal 
structure of NKBT–BCZT changed from rhombohedral to a morphotropic phase boundary and then to tetragonal phase 
in the presence of BCZT. The surface morphology of these ceramics was well packed with high-density and delineated 
grain boundaries which were confirmed with the help of the density of the samples. It was noted that the grain sizes 
decreased slightly by altering the Er/Yb compositions. The temperature dependence dielectric study revealed the exist-
ence of ferroelectric and antiferroelectric phase transformations in two independent regions. The temperature depend-
ence conductivity study showed doubly ionized oxygen vacancies due to the presence of a defect dipole, which helps 
to promote ionic conductivity at a high temperature region. The observed room temperature P–E loops were identified 
from well-saturated slim loops having reduced coercivity which was found to be useful for potential applications in the 
field of energy storage devices.
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1 Introduction

Lead-free ferroelectrics are promising materials as they 
replace lead-based materials due to their potential appli-
cations in the field of sensors, actuators, motors and 
memory devices [1–3]. The most widely used piezoelec-
tric ceramics are lead zirconate titanate (x)  PbTiO3 − (1 − x) 
 PbZrO3 and its solid solutions. Particularly, the solid solu-
tion located near the rhombohedral (antiferroelectric 
 PbZrO3)–tetragonal (ferroelectric  PbTiO3) is familiar as 
morphotropic phase boundary (MPB: x = 0.47–0.48). Near 
MPB, the material possesses enhanced dielectric constant 

as well as shows piezoelectric properties such as large 
electromechanical coupling coefficient (Kp = 0.70) and high 
piezoelectric constant [4, 5].

Pb-based systems are highly toxic and volatile, while 
sintering process causes serious environmental hazards. 
Researchers are thus challenged to pay more attention to 
replace Pb-based ceramics with Pb-free suitable materials 
without losing their superior properties. In 1960, Smolen-
skii discovered that sodium bismuth titanate  (Na1/2Bi1/2)
TiO3 [BNT] served as a promising lead-free candidate, 
containing perovskite structure with A-site disorder [6]. 
A number of reports on lead-free ferroelectric ceramics 
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are mentioned in the literature [7–9]. Therefore, it has 
been considered to be a suitable material to replace lead-
based piezoelectric ceramic because of its good ferroe-
lectric properties [remnant polarization Pr = 38 µC/cm2 at 
room temperature (RT)] and at a high Curie temperature 
(Tc = 320 °C) [10]. It exhibits a rhombohedral perovskite-like 
structure and shows an anomaly in dielectric properties as 
a result of a low-temperature phase transition from the 
ferroelectric to antiferroelectric phase at ~ 200 °C (known 
as depolarization temperature Td) [11, 12]. On the other 
hand, high leakage current during poling with low field 
hampers incomplete polarization loops. In order to obtain 
useful lead-free piezoelectric ceramics, BNT-based compo-
sitions have been modified with  BaTiO3 [11],  (Bi1/2K1/2)  TiO3 
[12],  NaNbO3 [13],  BiFeO3 [14, 15],  Bi2O3–Sc2O3 [16] and 
Ba  (Cu1/2W1/2)O3 [17]. Reports showed an improvement in 
either ways i.e., easier to pole, or have enhanced piezo-
electric properties as compared with pure BNT ceramics.

Liu and Ren et al. reported outstanding piezoelectric 
properties with large dielectric constant on xBa(Zr0.2Ti0.8)
O3 − (1 − x)(Ba0.7Ca0.3)TiO3, (x = 0.5) BZT–BCT ceramics 
with conventional solid-state route. The high piezoelectric 
effect can be attributed to the MPB, which stared from a 
tetragonal–cubic–rhombohedral triple point which caused 
a very low energy barrier for polarization rotation and lattice 
distortion [18]. Although it has high calcination and sinter-
ing temperatures, i.e., well above > 1300 °C ~ 1500 °C, the 
synthesis process is at normal conditions. The wet chemical 
processes, such as sol–gel, hydrothermal, Pechini and sol–gel 
autocombustion methods, are used to prepare BCZT pow-
ders [19]. The properties change of piezoelectric materials is 
preparation dependent; so much attention has been paid to 
the synthesis of BCZT ceramics. Recently, an environment-
friendly lead-free [(Ba0.85Ca0.15)(Zr0.1Ti0.9)O3] system attracted 
much attention due to its extraordinarily high piezoelectric 
properties  (d33 ~ 620 pC/N). The polarization versus electric 
field measurements were traced for  Ba0.85Ca0.15Zr0.1Ti0.9O3 
sample which showed a remnant polarization (Pr) of 11.55 
μC/cm2 and a coercive field (Ec) of 0.166 kV/cm [20]. Here, 
the  Yb3+/Er3+ substitution which alters the compositions 
mainly is because of the close ionic radii of Bi and also 
the additive functionality of the upconversion mechanism 
will be explained in further communications. We pre-
pared co-substitution of rare earth  Yb3+/Er3+ at Bi-site in  
0.94  (Na0.4K0.1Bi0.5−x−yErxYbyTiO3)–0.06  (Ba0.85Ca0.15Zr0.1Ti0.9O3) 
(x = 0.01, y = 0.02 and x = 0.02, y = 0.01). (x = 0.02, y = 0.01 
abbreviated as NKBT–BCZT-1 and x = 0.01, y = 0.02 abbre-
viated as NKBT–BCZT-2) ceramics, respectively. Here in this 
present paper, we have reported the effect of  Yb3+/Er3+ ion at 
Bi-site in structural analysis with the help of room tempera-
ture XRD. The detailed microstructure, polarization studies, 
energy density calculations are also reported. Besides this, a 

detailed temperature-dependent dielectric phase transition 
and conductivity studies are also reported.

2  Materials and methods

The NKBT–BCZT solid solutions were prepared by using 
conventional solid-state reaction method in two steps. 
The first step  Ba0.85Ca0.15Zr0.1Ti0.9O3 was prepared by using 
high-purity analytical reagent (AR) grade using  BaCO3, 
 CaCO3,  ZrO2 and  TiO2 as starting materials. The raw pow-
ders were weighed as per the stoichiometric ratio, mixed, 
grounded in agate mortar in 2-propanol medium for 3–4 h 
and then calcined at 1000 °C for 3 h. In the second step, 
 Na0.4K0.1Bi0.5−x−y  ErxYbyTiO3 were prepared with the help 
of pure A.R grade  Bi2O3,  Na2CO3,  K2CO3,  TiO2,  Er2O3,  Yb2O3 
which were used as raw materials. The powders were 
weighed, mixed well and grounded in an agate mortar in 
2-propanol as medium for 4 h. The calcination was then 
carried out at 800 °C for 3 h.

The two calcined and finely grounded powders were 
mixed as per the stoichiometric ratio for the compounds 
0.94(Na0.4K0.1Bi0.5−x−yErxYbyTiO3)–0.06(Ba0.85Ca0.15Zr0.1Ti0

.9O3). The fine powders were then pressed into pellets 
with about 1 mm thickness and diameter of 10 mm. The 
samples were sintered at 1150 °C for 3 h at a heating rate 
5 °C/min. The structural phase purity and the formation 
of perovskite phase of these ceramics were examined by 
using XRD ranging between 20◦ ≤ 2� ≤ 80◦ with the help 
of X-ray diffractometer of PHILIPS-PW3373 XPERT-PRO 
with CuKα radiation (λ = 1.5405 Å). The surface morphol-
ogy of these sintered samples was examined by using field 
emission scanning electron microscope (FESEM) with the 
model of Carl Zeiss Supra SEM 40. The room temperature 
(RT) ferroelectric hysteresis loops were measured using a 
standard radiant Sawyer–Tower circuit radiant analyzer. 
The high-temperature dielectric measurements were 
taken by using an impedance analyzer of model no: HP 
4192A in the frequency range from 100 Hz to 1 MHz, while 
keeping the electrode of silver paste pellets in sandwich 
geometry.

3  Results and discussion

3.1  X‑ray diffraction analysis

Figure 1a shows the room temperature XRD pattern of 
NKBT–BCZT-1, NKBT–BCZT-2 sintered ceramics within the 
range of 20◦ ≤ 2� ≤ 80◦ . The structural data showed a 
pure perovskite structure without the coexistence of sec-
ondary phases. This was observed from the ceramic sam-
ples that structural phase purity while the substitution of 
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Er and Yb at Bi-site diffuses completely. The RT structure 
of NKBT is rhombohedral with R3c; on the other hand, 
BCZT is tetragonal with P4 mm phase. No considerable 
changes were observed in the peak profile, such as shift-
ing and the shape of the Bragg’s reflection to alter the 
Er and Yb. As per reports for NKBT–BCZT-1, two solid 
solutions might coexist in dual structural phase with 
major rhombohedral R3c along with minor tetragonal 
P4 mm. Further, the coexistence of tetragonal reflec-
tions along with major rhombohedral reflections was 
observed from the deconvolution of Bragg’s reflection 
of (111)pc, which deconvoluted into (012)/(003) peaks 
near 39◦ ≤ 2� ≤ 41◦ regimes shown in Fig. 1b, c. These 
observations confirmed the possibility of coexistence of 
dual structural phases, R3c + P4 mm model. Further, the 
confirmation of structural coexistence of dual structural 
phase being analyzed in detail by Rietveld refinement is 
under progress.

3.2  Microstructural analysis

Figure  2a, b shows the surface morphology of 
NKBT–BCZT-1 and NKBT–BCZT-2 ceramics. The grain 
boundaries are well delineated, and no phase segrega-
tion at grain boundaries was observed, which revealed 
negligible porosity and also reflected its high density. The 
average grain size of these dense ceramics was calculated 
by using linear intercepts method, and it was observed 
that the average grain size decreased slightly from 0.9 to 
0.8 μm in the presence of concentration change of Er/Yb. 
The change in the composition leads to a decrease in the 
grain size slightly. The reduction in grain size and proper 
connectivity of the grains leads to reduce the porosity of 
the specimens. This porosity reduction helps to enhance 
the density beneficial to achieve large breakdown strength 
and high energy storage. The solidity and slight variation 
in grain size can be explained in view of induced strain 
in the interior of grain and grain boundary due to slight 

Fig. 1  Room temperature 
powder X-ray diffraction 
patterns of NKBT–BCZT, b–c 
Lorentzian–Gaussian peak fit at 
39◦ ≤ 2� ≤ 41◦ region at plane 
(111) (012)/(003)

Fig. 2  a, b Surface morphology of NKBT–BCZT sintered ceramics shows from (a, b) along with average grain distribution curve
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mismatch in ionic radii of constituting element in the pre-
sent ceramics. The grain size distribution of NKBT–BCZT 
ceramics is shown in Fig. 2a, b with the help of Gaussian 
distribution function.

3.3  Ferroelectric and energy storage measurements

Figure 3a, b, shows the polarization V/s electric field (P–E) 
hysteresis loops, which were measured at RT for both 
ceramics under different electric fields. The polarization 
loops of the ceramics showed well-saturated and typical 
soft ferroelectric behavior with low coercive fields. The 
slanted slim behavior of the loops indicates the domain 
structure of the ceramics which undergoes a macro- to 
micro-domain evolution. The ceramics with high remanent 
polarization (Pr) are not favorable to high energy storage 
applications. The noted P-E loop of the given ceramics with 
good saturation polarization (Ps) and low Pr values which 

were achieved especially due to alter the compositions Er/
Yb were beneficial for the energy storage applications. The 
energy storage density of these ceramics estimated from 
the polarization loops, during the discharge process, was 
calculated by using the following relation 1 [21].

Here E is the electric field, and Pmax is the maximum polari-
zation during the charging process and Pr is the remnant 
polarization.

It is noted that the calculated recoverable energy stor-
age values increase with increasing applied fields. The 
evaluation of recoverable energy storage density was cal-
culated by integrating the area of first quadrant between 
the polarization axis and the discharge curve. It could have 

(1)Estor =

Pmax

∫
Pr

EdP

Fig. 3  a, b RT P–E hysteresis loops of NKBT–BCZT ceramics at various electric fields. c, d The energy storage with the variation of field for 
both the ceramics. Inset c shows the schematic view energy storage and energy loss for ceramics 1 at field 50 kV/cm
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been a much higher energy storage density at maximum 
field at 50 kV/cm. The estimated energy storage values for 
ceramics 1 and ceramics 2 were found to be 0.93 J/cm3 
and 1.12 J/cm3, respectively, at field strength 50 kV/cm. 
These estimated values are well and slightly lower than 
that of NBT–BT-based ceramics, which are in good agree-
ment with recently reported BT-based ceramics [22, 23]. 
The slight variation in energy storage density could be 
explained due to its submicron grain size and high rela-
tive density which increased with concentration  Er3+. Thus, 
these ceramics are promising materials for energy storage 
capacitor dielectrics [24, 25].

3.4  Temperature‑dependent dielectric studies

Temperature-dependent dielectric permittivity and loss 
(tanδ) study in fixed frequency intervals (100 Hz–1 MHz) 
and temperature (30–500 °C) range were carried out and 
are shown in Fig. 4a, b. Ceramics 1 (x = 0.02, y = 0.01) 
depicts dielectric constant (εr) ~ 112 at frequency of 
10 kHz near RT, whereas ceramics 2 (x = 0.01, y = 0.02) 
exhibits large dielectric permittivity (εr) ~ 396 at RT. Here 
both the ceramics relative part of dielectric εr(T) plot exhib-
its two sets of dielectric phase transitions at 150–160 °C 
and 270–290 °C intervals, respectively. Usually, the low 
region dielectric phase transition peaks are denoted as 
depolarization (Td), which are responsible for the ferro-
electric–antiferroelectric transition. The second phase 
transition observed at the high temperature region is 
denoted as (Tc), which is responsible for the antiferro-
electric to paraelectric phase transition where the mate-
rial acquires maximum dielectric constant. For ceramics 
1 (x = 0.02, y = 0.01) , the noted (Td) and (Tc) are 165 °C, 
289 °C, and for ceramics 2 (x = 0.01, y = 0.02) they are 
159 °C, 280 °C, respectively. The observed values are in 
good agreement with recent reports [26, 27]. The slight 
variation in phase transitions toward lower temperature 
with interchange in composition ratios due to strong 
hybridization between  Bi3+ and  Er3+ with increment in Er 
substitution NKBT–BCZT ceramics, leads to more stabil-
ity toward ferroelectric domains in (x = 0.02, y = 0.01) 
ceramics 2. On the other hand, the observed Tc shifts 
toward a lower temperature, while  Er3+ increment indi-
cates the stability of ferroelectric domain in the long 
range. Yb seems to act as a strong suppressor of the dielec-
tric peak between antiferroelectric and paraelectric, but 
as a weak promoter of the dielectric shoulder between 
ferroelectric and antiferroelectric [28]. Besides the shift-
ing of dielectric phase transitions (Td and Tc), there was a 
significant modification in the dielectric constant as well as 
dielectric loss parameters in ceramics 2. The phase transi-
tion modification mainly exhibits a strong hybridization 
between  Bi3+–O–Er3+ rather than with  Bi3+–O–Yb3+ which 

could lead to an increase in the dielectric constant [29, 30]. 
The substitution of  Er3+ in NKBT–BCZT ceramics showed 
dielectric constant (εr) ~ 396 as well as dielectric loss at RT, 
which indicated that  Er3+ substitution leads to decrease 
in conductivity. The left side of Fig. 4a, b shows an enor-
mous dielectric loss from tanδ (imaginary part) plot that 
also exhibits frequency dispersion at high temperature 
which is depicted like a normal of a well-known classical 
diffused relaxor ferroelectric material [30, 31]. In addition, 
the broadness of the Tc at high temperature was noted for 
both ceramics. In order to understand the relaxor activity, 
we plotted log (1∕� − 1∕�max) v/s log (T − Tmax), which rep-
resents the value of γ, which is 1 for the case of a normal 
ferroelectric and a quadratic (i.e., γ = 2) is valid for a relaxor 
with diffused ferroelectric material. From the graph, the 
estimated diffusivity (γ) was found to be 1.55 and 1.65 for 
ceramics 1 and ceramics 2, respectively. The observed (γ) 

Fig. 4  a, b Variation of dielectric permittivity with temperature 
range 30–500  °C within the frequency intervals 100  Hz–1  MHz. 
Inset figure shows the diffusivity to reflects the relaxor nature of 
the both ceramic
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values well matched with known classical relaxor diffused 
ferroelectric materials [31, 32].

The relaxor activity and asymmetric nature of slim 
curves are indicated with the help of bipolar strain v/s 
electric field (S–E) loops. Both the ceramics exhibits an 
asymmetric butterfly-shaped feature due to the exist-
ence of an internal bias field which is associated with the 
motion of domains and domain walls [33] as shown in 
Fig. 5a, b with maximum field of 60 kV/cm. The observed 
maximum strain (Smax) = 0.10% for ceramics 2 represents 
both its magnitude (positive and negative), thereby indi-
cating its relaxor nature. In case of ceramics 1, a slight 
decrease and eventually vanishing negative strain region 
were observed with maximum value 0.95% [34, 35]. The 
measured standards from the strain have been well syn-
chronized with P–E loops, which represent the diffused 
relaxor ferroelectric behavior for  Yb3+/Er3+ substituted in 
NKBT–BCZT ceramics. Hence, the substitution of  Yb3+/Er3+ 
in NKBT–BCZT showed that the diffuse relaxor ferroelectric 

character can be useful for future applications in energy 
storage devices.

3.5  Temperature‑dependent conductivity studies

To elaborate the dielectric relaxation mechanism associ-
ated with temperature and corresponding charge species 
involved in the conduction process, we have measured the 
temperature dependence of the AC conductivity in fixed 
frequencies by using the following formula.

where σac = AC conductivity, Ɛr = relative dielectric con-
stant, Ɛ0 = dielectric permittivity in vacuum, ω is angular 
frequency, and tanδ is loss factor [36]. It was found that 
the conductivity is of the order 5.5 × 10−6 S/m for ceramics 
1 and 2.1 × 10−5 S/m for ceramics 2 at RT and at 10 kHz fre-
quency. The noted values were found to be in good agree-
ment with its semiconducting nature. Furthermore, it was 
observed that conductivity strongly depends upon the 
frequency by the variation of temperature. A certain tem-
perature showed a short plateau region, above 300 °C, and 
then, a sudden rise in conductivity was noted. The sudden 
rise in conductivity at high temperature was studied by 
plotting the variation of conductivity with reciprocal of 
temperature as shown in Fig. 6a, b. It is well fitted with the 
Arrhenius relation:

where Ea, kB, T bear their usual meanings, and the noted 
value of activation energy was found to be Ea = 0.65 eV for 
ceramics 1 and Ea = 0.83 eV for ceramics 2 in region above 
300 °C. These noted values are in good agreement with 
the single ionized oxygen vacancies dominated due to 
defect in dipoles or ionic conduction which are commonly 
present in perovskite structures [37, 38]. The observed 
results suggest that the hopping conduction through 
oxygen vacancies is responsible for conductivity at high 
temperature. Also, the motion of oxygen vacancies is well 
known to give rise to activation energy of about 1 eV at 
high temperatures in perovskite oxides [39]. One should 
also presume that other point defects and cationic dis-
order contribute toward DC conductivity in addition to 
oxygen vacancies [37, 38].

4  Conclusion

The XRD pattern of  Er3+ and  Yb3+ co-substituted 
NKBT–BCZT solid solutions revealed coexistence of dual 
phases (R3c + P4 mm) for both ceramics, respectively. The 

(2)�ac = ��r�0 tan �

(3)� = �0 exp
(

−ΔEa∕kBT
)

Fig. 5  a, b Variation of bipolar strain with electric field in fixed loop 
frequency of 1 Hz
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temperature-dependent dielectric studies revealed Td 
(depolarization) and Tc (Curie temperature) phase tran-
sitions at 160 to 170 °C and 280 to 290 °C, respectively, in 
both the ceramics. With increasing  Er3+ concentration, a 
slight shift of Tm toward high temperature and large dec-
rement in RT dielectric constant were observed. It was 
found that the NKBT–BCZT-2 sample has high conductiv-
ity and high activation energy compared with another 
sample. The high conductivity in NKBT–BCZT-2 could be 
the development of anion vacancies with the substitu-
tion of  Ba2+,  K+,  Ca2+,  Er3+ and  Yb3+ ions at  Na+ and  Bi3+ 
ions in the NBT lattice. The present ceramics show good 
energy storage density as well as enhancement by ~ 21% 
by altering the substitution of Er and Yb substitution.
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